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Optical spectroscopy with broadband femtosecond laser pulses often involves simultaneous ex- 
citation of multiple molecular species with close resonance frequencies. Interpreting the collective 
optical response from molecular mixtures typically requires Fourier analysis of the detected time- 
resolved signal. We propose an alternative method of separating coherent optical responses from 
two molecular species with neighboring excitation resonances (here, vibrational modes of oxygen 
and carbon dioxide) . We utilize ro- vibrational coupling as a mechanism of suppressing the strong 
vibrational response from the dominating molecular species (O2). Coherent ro-vibrational dynamics 
lead to long "silence windows" of zero signal from oxygen molecules. In these silence windows, the 
detected signal stems solely from the minority species (CO2) enabling background- free detection and 
characterization of the O2/CO2 mixing ratio. In comparison to a Fourier analysis, our technique 
does not require femtosecond time resolution or time-delay scanning. 

PACS numbers: 42.50.Md, 42.50.Ct 



INTRODUCTION 

Time-resolved coherent anti-Stokes Raman scattering 
(CARS) with ultrashort laser pulses reveals the evolution 
of molecular vibrational coherence on a femtosecond time 
scale pp. CARS spectroscopy is widely used for chemi- 
cal analysis based on the detected vibrational frequencies 
which often serve as a unique molecular fingerprint. If the 
sample of interest is a mixture of molecules with multiple 
Raman transitions covered by the broad spectrum of the 
excitation pulses, the resulting CARS signal will reflect 
the frequency beating of different Raman modes from 
the molecular components of the mixture. To examine 
the chemical composition of the sample, time-resolved 
detection, typically carried out by scanning the time de- 
lay between the vibrational excitation and an ultrashort 
probe pulse, is followed by a Fourier analysis of the ob- 
served CARS signal (for comprehensive reviews on CARS 
spectroscopy and microscopy, see e.g. [2H1])- 

In this paper we demonstrate a method of detecting 
one molecular component (hereafter referred to as "mi- 
nority species") in the presence of another component 
(the "background gas" ) by means of a simple CARS mea- 
surement which does not require high frequency or time 
resolution and can be implemented as a single-shot de- 
tection. The proposed approach relies on the effect of 
ro-vibrational coupling in Raman excitation of the back- 
ground species. It is based on the earlier observation 
[SI [5] that the coupling between the vibrational and ro- 
tational degrees of freedom results in the appearance of 
relatively long (tens of picoseconds) "silence windows" 
in the molecular CARS response. During the silence pe- 
riod, background molecules in the ensemble are vibrating 
out-of-phase with one another which results in a complete 



suppression of the resonant background signal. Similarly 
to the suppression of non-resonant background, often re- 
quired in femtosecond CARS, suppressing the dominant 
resonant background helps to increase the detection sen- 
sitivity in the case of gas mixtures. 

Ro-vibrational coupling between the coherently ex- 
cited vibrational states and a thermal bath of rotational 
states leads to the vibrational dephasing [7HTU] and a 
corresponding decay of CARS signal. The latter decay 
has been used in gas thermometry, since its rate depends 
on the initial rotational population distribution [111416] . 
On a longer time scale, the dephasing is followed by a 
series of full and fractional revivals of the ro-vibrational 
wave packet, analyzed both theoretically [7J [5] and ex- 
perimentally [51 [5] . The revivals stem from the discrete 
energy spectrum of molecular rotation. The duration of 
a revival has been suggested as an indicator of the gas 
temperature [5( fTl~|. [TT] . 

In this work, we focus on detecting the mixing ratio of 
a binary gas mixture rather than its temperature. As in 
gas thermometry, the decay of vibrational coherence on 
a short time scale (i.e. first few picoseconds) has been 
used for detecting molecular concentrations jT2j Ej ■ In 
contrast, we exploit the long-term evolution of the vi- 
brational coherence, which contains time intervals dur- 
ing which the background molecules are "silent" whereas 
the minority molecules are not (i.e. generate zero and 
non-zero CARS signal, respectively). 

Similarly to the recent work by Kulatilaka et.al. |15j 
we mix oxygen with carbon dioxide as the two molecu- 
lar species with close vibrational frequencies. We follow 
the ro-vibrational dynamics of the background gas (in 
our case, O2) for hundreds of picoseconds and position 
our probe pulses in its silence window. We show that 
within this window, the detected CARS signal is gener- 
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ated solely by the minority species (here, CO2). With- 
out the strong interfering resonant response from oxygen, 
the presence and approximate concentration of CO2 can 
be determined without the traditional Fourier analysis 
of the time-resolved signal, therefore enabling a single- 
shot detection. Because the required time resolution of 
the proposed technique is determined by the width of 
the silence period which lasts for more than ten picosec- 
onds, no special care is needed for supplying ultrashort 
transform-limited probe pulses. From a practical stand- 
point, the ratio of O2 to CO2 yields information about 
the completeness of oxidation in flames and combustion 
environments [T8H20] , 

The experimental system consists of a Ti:Sapphire fem- 
tosecond regenerative amplifier (SpitFire Pro, Spectra- 
Physics) generating Stokes pulses at 800 nm, and two 
optical parametric amplifiers (TOPAS, Light Conversion 
and OPA-800C, Spectra Physics) producing pump and 
probe pulses at 718nm and 688 nm, respectively. Folded 
BOXCARS geometry [21] is used to spatially overlap all 
three pulses inside a vapor cell filled with 2 and C0 2 
at room temperature and variable density ratio. A spec- 
trometer is used to detect the anti-Stokes signal at 626 
nm. 

The two-photon excitation spectrum for the chosen 
pump and Stokes wavelengths is shown in Fig. [T] It cov- 
ers one strong Raman mode of oxygen, corresponding to 
the Q branch of v = — > v = 1 vibrational transition 
centered at 1555 cm" 1 , and one strong Fermi dyad of 
carbon dioxide at 1285 cm -1 and 1388 cm -1 . The latter 
is a result of the resonant coupling between the Raman- 
active symmetric stretch and the first overtone of the 
bending mode of CO2 [HI H3] . Shown in the inset is the 
rotational splitting of the vibrational resonance in O2. 
For carbon dioxide, this splitting is much smaller [241I25] 
and can be neglected for the purpose of this study. 

Figure [2] shows the observed CARS response from the 
O2/CO2 mixture (panel a) and its individual components 
(panels b and c), measured by scanning the time delay 
between an impulsive 140 fs pump-Stokes excitation and 
a 140 fs probe pulse. As shown by the Fourier spectra in 
the insets, the signal of the mixture reflects the 103 cm -1 
splitting of the strong V!/2v 2 Fermi dyad of carbon diox- 
ide, and the beating at 167 cm -1 between the blue dyad 
line and oxygen vibration (1388 cm -1 and 1555 cm -1 
peaks in Fig. [I] respectively). The beating between the 
red dyad line and oxygen vibration (1285 cm -1 and 1555 
cm -1 , respectively) at 270 cm -1 cannot be observed due 
to the insufficient temporal resolution. The overall decay 
on a few-picosecond time scale stems from the rotational 
dephasing of oxygen vibration (middle panel) which de- 
pends on the difference between the rotational constants, 
\B\ — So I ~ 10~ 2 cm , of the ground and excited vi- 
brational states. The small oscillations are due to the 
contribution of O and S branches [B] . 

In contrast to O2, the signal from pure CO2 is hardly 
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FIG. 1: (Color online) Calculated two-photon spectrum of 
the pump-Stokes field (solid black line). O, Q and S branches 
of u = — > v = 1 transition in O2 are indicated with green 
rectangles, red circles and blue diamonds, respectively. Us- 
ing the procedure outlined in our earlier work |Bj, we found 
that the relative weight of the O and S branches is about 17 
times weaker than that of the Q branch. Key to this work 
is the rotational splitting of vibrational resonances, shown in 
the inset for the strongest Q branch. Thermal rotational dis- 
tribution at room temperature has been taken into account. 
Two Fermi dyads of CO2 are depicted as black triangles. The 
relative magnitude of each peak reflects the corresponding 
relative cross section |23| . 

changing on this time scale, as shown in panel c of Fig. [2] 
The ro-vibrational coupling in carbon dioxide is at least 
two orders of magnitude weaker, |_B(10°0) — S(00°0)| ~ 
lO^cm" 1 and |B(02°0) -B(00°0)\ ~ lO^cm" 1 [21 [25], 
resulting in a much longer rotational dephasing time of 
hundreds of picoseconds. Both the decay and the beating 
pattern in Fig. j2ja) depend on the relative concentration 
of the two gases in the mixture. Recording long probe 
scans with high time resolution can therefore provide in- 
formation about the mixing ratio of interest. Below we 
present an alternative method, in which we exploit co- 
herent ro-vibrational dynamics on a much longer time 
scale. 

Figure [3] shows the long term evolution of the vibra- 
tional coherence of pure oxygen up to 600 ps. At a pres- 
sure of 300 ± 2 Torr the collisional dephasing time has 
been determined as 157 ±3 ps. The ro-vibrational evolu- 
tion is governed by the interference between the multiple 
rotational components of the vibrational transition (in- 
set in Fig. [T]), which results in a sequence of fractional 
revivals of the ro-vibrational wave packet. The full ro- 
vibrational revival occurs at T rov ib = 1/ [2c(a e ~ 2"/ e )], 
with c being the speed of light in vacuum and a e ,7 e 
the ro-vibrational coupling constants |26j . From our 
measurements at lower pressure (not shown) we found 
T r ovib = 1-057 ±0.002 ns. At this moment, all molecules 
in the ensemble are vibrating in-phase with one another 
regardless of their angular momentum state. Partial 
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FIG. 2: (Color online) Time-resolved CARS signal at room 
temperature from (a) mixture of O2 and CO2, (b) pure oxy- 
gen, and (c) pure carbon dioxide. Comparing experimental 
data (solid red line) with numerical calculation (dashed black 
line) is used for extracting the relative contribution of O, Q 
and S branches in oxygen, as well as the collisional decay time. 
Respective Fourier spectra are shown in the insets (with dif- 
ferent vertical scales). 

re-phasing of the wave packet is observed at fractional 
revivals with odd denominator, e.g. 1/5 x T rov n, and 
1/3 x Trovib marked in Fig. [3j Fractional revivals with 
even denominator, e.g. 1/2,1/4 and 1/8 in the figure, 
correspond to the out-of-phase vibration manifested by 
the intervals of zero CARS response or "silence win- 
dows" . 

In silence windows, the strong resonant signal from O2 
is largely suppressed, which enables an easy and quick 
detection of the CO2 level. Figure [4^a) shows a scan 
around the ro-vibrational quarter-revival time of oxygen 
at 265 ps. In the case of pure oxygen, the only signal 
detected after 260 ps is due to the instrumental noise. 
As the concentration of carbon dioxide is increased, the 
observed CARS signal is rising. Hence, the mixing ratio 
can be extracted by carrying out two single-shot measure- 
ments, one outside the silence window (e.g. at t\ =252 
ps) and another one inside it (e.g. at t<z =263 ps). The 
ratio of the signals at times t% and t\, Ifo)/ I(ti), can 
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FIG. 3: (Color online) Dephasing and rephasing of CARS 
signal from O2 at room temperature and pressure of 300 ± 2 
Torr: experimental data (solid red line) and numerical calcu- 
lation (dashed black line). Vertical arrows point at fractional 
revivals of the coherently excited ro-vibrational wave packet. 
The windows of silence can be seen around 1/2, 1/4 and 1/8 
revival time at 530 ps, 265 ps and 130 ps, respectively. 

then be used to find the mixing ratio of the molecular 
concentrations, R = N 02 /N C02 , as shown in FigQb). 

Since CARS intensity scales quadratically with the 
number of molecules [1], one might naively expect that 
with long pulses (i.e. when the interference effects av- 
erage out) the observed intensity ratio will behave as 
1/(1 + aR 2 ), with the difference in the transition dipole 
moments and Franck-Condon factors between CO2 and 
O2 taken into account by the numerical factor a. This 
model dependence, shown as red dashed line in FigQb) , 
is in clear disagreement with our experimental data at 
large CO2 concentrations. We attribute this discrepancy 
to the fact that the vibrational coherence of different 
molecular species in a mixture decays differently, with 
the dephasing rate depending on their collision partners 
(see [27] and references therein). As a result, the relative 
amount of the vibrationally coherent molecular compo- 
nents in the mixture does not only depend on the ini- 
tial mixing ratio R but also changes with time. In the 
case considered here, i.e. O2/CO2 mixture probed at the 
quarter-revival silence window of oxygen, we find that 
the normalized CARS intensity behaves proportionally 
to 1/(1 + aR 2 7 ) (black dotted line in Figgb)). An un- 
known mixing ratio R can therefore be extracted from 
this empirically determined scaling law. 

We note that the proposed detection technique does 
not require high time resolution as it does not rely on the 
Fourier analysis of time-resolved data. It can be executed 
with non-transform-limited probe pulses, as long as their 
duration is shorter than the width of the silence window. 
With oxygen as a background gas, this leads to an upper 
limit of a few picoseconds. The results shown in FigpiTb) 
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FIG. 4: (Color online) (a) CARS signal around a silence win- 
dow of oxygen detected with transform-limited probe pulses 
of 140 fs duration. Higher curves correspond to higher rela- 
tive concentration of C0 2 at 0%, 10%, 20% and 30% level. 
All curves have been normalized to their average value around 
252 ps. In panel (b), probe pulses have been stretched to 1.3 
ps. The intensity ratio of CARS signals at times ti and t\ 
is plotted for various CO2 concentrations. The dashed and 
dotted lines correspond to a simple model and a numerical 
fit, respectively, explained in the text. 

have been obtained with probe pulses of 1.3 ps duration. 

In summary, we propose a new technique for suppress- 
ing strong resonant signal from background molecules 
in coherent anti-Stokes Raman spectroscopy of molec- 
ular mixtures. Our method is based on the coupling 
between the vibrational and rotational degrees of free- 
dom in molecular motion. Ro-vibrational coupling re- 
sults in the silent intervals, or "silence windows", when 
the molecules are vibrating out-of-phase with one another 
and interfere destructively in their generation of CARS 
signal. Hence, the strong resonant response from the 
dominant background molecules can be effectively sup- 
pressed by tuning the timing of probe pulses so as to 
make them arrive in the sample during the silence win- 
dow. In this case, the detected CARS signal is generated 
solely by the rest of the molecular mixture (e.g. by the 
minority species) and can be easily detected and quan- 
tified without the strong interference from the "silent" 
background gas. 



We demonstrate a successful implementation of the 
proposed approach using a mixture of O2 and CO2. A 
small quantity of carbon dioxide is detected in the silence 
window of oxygen, 265 picoseconds after the impulsive 
vibrational excitation of the mixture. The sensitivity of 
the method depends on the collisional de-coherence rate, 
which determines the signal-to-noise ratio at the time of 
the silent interval. In our case, this resulted in the abil- 
ity to detect CO2 at relative concentrations higher than 
~ 5%. 

The main advantage of our method lies in its single- 
shot detection capabilities. Since the resonant response 
from the primary background gas is eliminated, the de- 
tection of the secondary molecular species does not re- 
quire a Fourier analysis of the time-resolved CARS sig- 
nal. Neither does it rely on the short duration of probe 
pulses, as long as they fit within the silence window. We 
demonstrate this feature by detecting the relative concen- 
tration of CO2 in a single-shot measurement with probe 
pulses stretched to 1.3 ps. The concept can be applied 
to other molecular species with ro-vibrational coupling. 

The authors would like to thank E. A. Shapiro and 
M. Motzkus for valuable discussions. 
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